Objectives: To investigate whether increased body temperature during heat exposure promotes skin blood¯ow of the thigh (SBFT) in individuals with spinal cord injury at rest. Study design: A prospective study with high lesion and with low lesion. Setting: Hiroshima University, Higashi-Hiroshima, Japan. Methods: Seven male paraplegics (T5-L2) and seven able-bodied subjects volunteered to participate in the experiment. First the subject rested for 1 h at an ambient temperature (Ta) of 258C and a relative humidity (Rh) of 50%. Thereafter, the subject moved to a climatic chamber heated to Ta of 338C an Rh of 50 ± 55% and was exposed to this environment for 1 h. SBFT, stroke volume, heart rate, the skin temperature of the medial thigh (Tthigh) and the tympanic membrane temperature (Tty) were assessed during the experiment. Results: The four subjects with high lesions between Th6 and Th10 (HL) showed no increase in SBFT, while the remaining three subjects with low lesion at Th11 or Th12 (LL) showed increased SBFT in the hot environment. Although Tty increased with exposure time in heat, correlation between Tty and SBFT was not signi®cant in either paraplegic group. However, correlation between SBFT and Tthigh was highly signi®cant in both groups. The increase in Tthigh in LL was due to increased skin blood¯ow in the thigh, while in HL it was considered attributable to heat transfer from the environment to the skin. Conclusion: These ®ndings indicate that SBFT during heat exposure was largely dependent on the level of spinal cord injury. SBFT with low lesions increased during heat exposure when the sympathetic cutaneous vasomotor supply of the thigh was preserved. Spinal Cord (2000) 38, 224 ± 228
Introduction
It has been suggested that the circulation below the spinal cord injury in paraplegics and quadriplegics plays an important role in circulatory regulation during exercise. 1 ± 6 For this reason, some recent studies have focused on skin blood¯ow (SBF) in the paralyzed lower limbs to investigate blood circulation of individuals with spinal cord injury. 7 ± 9 In general, blood circulation in the skin of the lower limbs in spinal cord injury (SCI) can be promoted by submaximal exercise 7 or heat stress 10 if the injury level of spinal cord is below L1. In addition, it was also demonstrated that SBF of the thigh (SBFT) in low lesions (T12 to L5) began to elevate markedly during submaximal exercise when the tympanic membrane temperature (Tty) exceeded a threshold temperature of 36.698C. 8 However, previous investigations have clearly shown that the higher body temperature of SCI subjects in a hot environment is due to the lack of peripheral circulation control in comparison to that in healthy subjects.
11 ± 14 Attia and Engel 11 suggested that the body temperature setpoint was variable and a function of ambient conditions. From these investigations, therefore, individuals with SCI can be assumed to be partially poikilothermic. Accordingly it is naturally deemed that the Tty instantly increases over the threshold of 36.698C in a hot environment even at rest. If the increase in core temperature, eg Tty, is essential for SBFT in those with low lesions, their SBFT will increase when exposed in a hot environment. Furthermore, it is also established that during heat exposure, skin temperature increased regardless of the level of spinal cord injury. 11, 13, 15 If the increased skin temperature of those exposed to heat directly stimulates cutaneous blood vessels, 16 this mechanism is considered to aect SBFT in high lesions where sympathetic out¯ows from spinal cord are completely isolated from the brain. However, there are no studies where the relationships between core and skin temperature and the SBFT have been investigated during heat exposure. The present study, therefore, examined whether increased body temperature during heat exposure promotes SBFT at rest. Because it is necessary to discuss the circulatory and thermoregulatory responses to clarify the eect of heat exposure on SBFT in SCI, Tty, the skin temperature of the thigh (Tthigh) and cardiac output (Q) were monitored during the experiment.
Methods

Subjects
Seven male paraplegic subjects volunteered to participate in the present experiment. The general characteristics of these subjects are shown in Table 1 . All were disabled by a complete lesion between T5 and L2 but were otherwise healthy. In addition, seven male able-bodied subjects (ABS) served as controls. Controls ranged in age from 24 ± 48 years, in body mass from 64 ± 78 kg, and in height 165 ± 185 cm. All participants gave written informed consent before participating in the study.
Testing protocols
Experiments were conducted during July, August and September when the subjects should have been naturally heat acclimated. Each subject was tested at the same time of day between 1300 and 1600 h to minimize the possibility of any time eects. All subjects were asked to refrain from eating and drinking during the 2 h preceding the experiments.
The subject reported to the laboratory dressed in shorts, singlet, shoes and socks. First the subject was weighed and several electrodes were attached to measure SBFT, heart rate (HR), stroke volume (SV) and Tthigh. Then, the subject rested in his wheelchair or a chair for 1 h at an ambient temperature (Ta) of 258C and a relative humidity (Rh) of 50%. Immediately thereafter, the subject moved to a climatic chamber that was already heated to Ta of 338C and Rh of 50 ± 55%. The subject was exposed to the heat environment for 1 h sitting in his wheelchair or a chair.
Physiological variables
All physiological measurements were monitored starting after 30 min at 258C and continuing until the end of the experiment with a 5-min interruption to move to the hot environment.
SBFT was continuously monitored with a laserDoppler¯owmeter (ALF 21, Advance Co., Tokyo, Japan). The laser-Doppler probe was attached at the center of the anterior thigh. The laser signals were recorded by a digital printer (ALF-P1, Advance Co., Tokyo, Japan). The time interval of measurement was set at 1 min.
SV and HR were measured by an impedance cardiography (Impedance Plethysmograph 4143, NEC-Sanei, Tokyo, Japan) connected with MacLab/ 8e (AD Instruments Pty Ltd., Castle Hill, Australia) to obtain a dierentiated impedance cardiogram. All data of the impedance cardiogram were consecutively recorded on a personal computer. The technique employed was essentially the same as that described by Miles and Gotshall. 17 Ten continuous cardiac cycles every 10-min were used to calculate mean SV. Q was obtained by SV * HR.
Tthigh was measured once every minute by a thermocouple at the site of the medial thigh near the measuring position of SBFT. The tympanic membrane temperature was recorded once every 5-min by an infrared thermometer (FirstTemp Genius 3000A, Sherwood Medical, St. Louis, USA).
Statistical analysis
The SCI subjects were classi®ed into two groups by SBFT response. The means of physiological measurements were calculated for each group and ABS. The mean values were then utilized for data analysis. To clarify the relation between Tty and Tthigh and SBFT, regression analysis was used for these data. A probability level of 0.05 or less was considered signi®cant. Figure 1 shows the ratio of SBFT to baseline SBFT measurement at 258C in SCI and ABS during the course of the experiment. The SBFT of ABS strikingly and continuously increased during heat exposure. However, the response patterns in SCI were apparently dependent on the level of injury. The four subjects (subjects A, B, C and D) showed no increase in SBFT during the heat exposure. The injury levels of these subjects were relatively high between Th6 and Th10. The remaining three subjects (subjects E, F and G) with low lesion at Th11 and Th12 showed an Acute heat exposure and skin blood flow M Yamasaki et al increase in SBFT in heat, although the increase was not as remarkable as that in ABS. Thus, the subjects were divided into two groups according to the pattern of SBFT response; HL (subjects A ± D with high lesion) and LL (subjects E ± G with low lesion). Figure 2 represents the mean Tty in each of three groups. At 258C ABS showed somewhat higher Tty in comparison with that of the paraplegic groups. During exposure to 338C, the Tty of each group gradually increased and at the end of the exposure every group showed a similar Tty. Regression analyses were performed in which Tty was related to SBFT ( Figure  3 ). As Tty was increased above 37.58C in ABS, the relationship became de®nitely curvilinear in nature with the curves rounding o at the higher values. The total relationship, therefore, took the form of`j' shaped curve in ABS. However, the linearity of the regression line was rejected in both paraplegic groups. Figure 4 represents the mean Tthigh in each of the three groups. Although the Tthigh of ABS during exposure to 338C was a little lower than those of other groups, the remarkable dierence was not found in the mean Tthigh. When SBFT was plotted in relation to Tthigh during heat exposure, the regression lines obtained diered from each other in all three groups ( Figure 5 ). In Figure 5 , all mean values of Tthigh and SBFT obtained every 1 min in each group during heat exposure were used. A relatively rectilinear relationship was found between Tthigh and SBFT in HL. In contrast, LL and ABS showed a curvilinear rather than linear relationship. The results for ABS presented slowly rising curves up to Tthigh of 348C, then the curves began rising sharply. Correlations between SBFT and Tthigh were highly signi®cant in all groups.
Results
HR and SV responses in HL were very similar to those in LL. Average HR in HL and LL were 67.3 and 66.2 at 258C and 73.0 and 72.1 beats×min 71 at the end of heat exposure, respectively. SV of HL and LL showed a relatively constant value of about 70 ml×beat 71 during the experiment. In ABS, both HR and SV were greater than those in HL and LL. Average HR of ABS was 71.7 at 258C and 77.6 
Discussion
In ABS who showed a slight increase in Q, SBFT increased abruptly with the exposure time. However, the present study clearly showed that the SBFT in SCI subjects during heat exposure is dependent on the level of spinal cord injury. Muraki et al 8 demonstrated increased SBFT with lesions at L1 or below irrespective of exercise intensity, while there was no increase with lesions at or above Th12 during a brief arm cranking exercise (6 min). These ®ndings were not completely consistent with our present results that the SBFT in SCI with lesions between Th6 and Th10 remained unchanged and that in SCI with low lesions at Th11 and Th12 increased with exposure time, although the SBFT in SCI with a low lesion was much lower than that in ABS. However, when exercise time was prolonged for 30 min at a relatively light work load of 20 watts, the SBFT of two SCI subjects with a lesion at Th12 increased signi®cantly during exercise. 7 In that study, 7 SCI with lesions between Th7 and Th11 were not tested. Therefore, it was not clear if these results were in good agreement with the present ®ndings, but as Normell 10 pointed out, in contrast with high lesions, low lesions showed a cutaneous vasomotor response in the anterior thigh. The border of this response was considered to be around Th10, because the response was preserved in some lesions at Th10 and Th11 and absent with lesions at Th8. This was consistent with our results that SCI with lesions below Th11 showed an increase in SBFT during heat exposure.
Highly signi®cant correlations were found between SBFT and Tthigh in all groups in contrast to those between SBFT and Tty. SBF in augmented as a function of the internal body temperature and skin temperature in healthy humans. 18 It has been shown that SBFT in low lesions begins to elevate markedly and was signi®cantly related to Tty when the Tty exceeded a threshold temperature of 36.698C during arm cranking exercise at an ambient temperature of 258C, 7 although there were no signi®cant relationships between SBFT and Tty in either HL or LL in this study. At an ambient temperature of 258C Tthigh remains relatively low even during exercise. As seen in Figure 4 the Tthigh immediately increased during heat exposure at 338C in all groups. Possibly Tthigh has a greater eect on SBFT than Tty during heat exposure.
The SBFT of HL remained unchanged during heat exposure regardless of increase in either Tthigh or Tty, because HL have impaired sympathetic vasomotor function in the lower limb. 8 ± 10,14,19 However, Tthigh of HL increased constantly with the exposure time, as did those of LL and ABS. Attia and Engel 11 indicated that rectal and skin temperatures in subjects with SCI showed greater variation than those in ABS with variations in ambient temperature. From those ®ndings, they concluded that SCI subjects exposed to heat might possess a thermoregulatory setpoint which varies directly with ambient thermal conditions; that is, a state of partial poikilothermia. This phenomenon must be more prominent with high lesions than those with low lesions, because body temperature regulation of the former was inferior to the latter. In a state of partial poikilothermia, SCI subjects received heat from the environment and Tthigh increased without increment in SBF.
In conclusion, circulatory responses in individuals with SCI during heat exposure were dependent on the level of spinal cord injury. In LL, SBFT increased, Figure 5 The relationship between Tthigh and SBFT during heat exposure in the three groups Figure 6 Time course of mean Q in the three groups. Vertical bar indicates the standard error of mean while that in HL remained unchanged in a hot environment despite increased Tthigh. In those with low lesions whose sympathetic cutaneous vasomotor at the thigh was preserved, SBFT increased during heat exposure.
